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1. INTRODUCTION 
Supercapacitors as a new kind of electronic device are 
becoming much more multifunctional and developing in the 
trend of being lightweight, low cost, and flexible, in order to 
meet rapidly growing modern market demands.1−5 Depending 
on the charge-storage mechanism, they are basically classified 
into two types: electrochemical double-layer capacitors 
(EDLCs) based on carbon electrodes that store and release 
energy by nanoscopic charge separation at the electrochemical 
interface between electrode and electrolyte and pseudocapaci- 
tors with certain metal oxides or conducting polymers as the 
active electrode materials that associate with electrosorption 
and surface redox processes of the electroactive species.6−10 
Generally speaking, EDLCs can achieve a long cycle life but 
with relatively low specific capacitance, while pseudocapacitors 
have much higher specific capacitance but poor cycle life that 
limits their real application in supercapacitors,11−13 due to the 
lack of suitable quality-designed supporting templates. There- 
fore, the combination of function-oriented nanocomposite 
electrodes using nanocarbon as the supporting materials to 
generate hierarchical architecture with both high performance 
and long cycle life is highly expected. 
Nanostructured carbon materials are extensively used as 
electrode materials for supercapacitors (primarily EDLCs) 
because of their large surface areas and good conductivity, such 
as carbon fiber (CNF), carbon nanotube (CNT), graphene, and 
graphene oxide (GO).14−22 Among all the carbon materials, the 
electrochemical properties of one-dimensional 
(1D) CNF and CNT are similar, and the CNF is more 
consistent with the requirement of a low cost compared to the 
CNT. Graphene-based electrodes, showing the potential to be a 
promising candidate for flexible supercapacitors, exhibit 
unsatisfactory capacitance performance due to the unavoidable 
aggregation of graphene and GO nanosheets. Therefore, the 
hybridization between different carbon materials is currently 
considered to be a feasible scheme to obtain the ideal electrode 
templates for supporting high-performance active materi- 
als.17−22 Conducting polymers have been considered as 
promising active electrode materials for the pseudocapacitors, 
owing to their low cost, easy synthesis, and high pseudocapa- 
citance.23,24 In particular, polyaniline (PANI) has been 
considered a key player due to its high theoretical specific 
pseudocapacitance according to its multiple redox states. 
Recently, several novel methodologies have been developed 
for the preparation of pure PANI and its composites.25−31 As 
most developed methods were reported in the preparation of 
powder-based PANI, binding materials became critical and 
must-needed electrodes. This might deteriorate the electro- 
chemical properties of the as-prepared active electrodes.32−34 
Therefore, the direct fabrication of free-standing polymer 
electrodes for capacitors has received considerable interest in 
recent years.5,35−38 
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ABSTRACT: A hierarchical high-performance electrode with 
nanoacanthine-style polyaniline (PANI) deposited onto a carbon 
nanofiber/graphene oxide (CNF/GO) template was successfully 
prepared via an in situ polymerization process. The morphology 
analysis shows that introducing one-dimensional (1D) CNF could 
significantly decrease/inhibit the staking of laminated GO to form 
an open-porous CNF/GO architecture. Followed with in situ facial 
deposition of PANI, the as-synthesized PANI modified CNF/GO 
exhibits three-dimensional (3D) hierarchical layered nanoarchitec- 
ture, which favors the diffusion of the electrolyte ions into the inner 
region of active materials. The hierarchical free-standing electrodes were directly fabricated into sandwich structured 
supercapacitors using 1 M H2SO4 as the electrolyte showing a significant specific capacitance of 450.2 F/g at the voltage scan rate 
of 10 mV/s. The electrochemical properties of the hierarchical structure can be further improved by a reduction procedure of 
GO before the deposition of PANI. 
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Figure 1. (a) Digital camera image of free-standing CNF/GO film. (b) A demo for the flexibility of the film. (c) Top-view SEM image of the CNF/ 
GO film. (d) Digital camera image of free-standing CNF/GO/PANI film prepared from the CAN of 30 mM. (e) A schematic illustration of the CNF/ 
GO/PANI film. (f and g) Top-view SEM images of CNF/GO/PANI at low and high magnification. (h) Side-view SEM image of CNF/GO/PANI 
film at a high magnification. 
In this paper, we present the facial preparation approach to 
form the free-standing hierarchical PANI modified CNF/GO 
hybrid electrodes via in situ polymerization of aniline onto a 
preprepared porous CNF/GO template in order to employ its 
advantages of good conductivity and flexibility. Specifically, 
CNF significantly reduced the aggregation degree of GO to 
form a porous structure and improve the utilization surface of 
GO greatly, because it acts as the reinforcing steel bar in the 
reinforced concrete structure of the CNF/GO template. 
Followed with in situ facial deposition process, the resulting 
PANI/CNF/GO composite electrodes showed a unique three- 
dimensional (3D) hierarchical microstructure with unique 
acanthine-style PANI nanowires covered on CNF/GO 
supports. The high electrical conductivity and flexibility, in 
combination with the ideal form of hierarchical architecture, 
suggest that the as-prepared free-standing PANI/CNF/GO 
hybrid porous electrodes have the significant potential to be 
used as promising electrode materials for lightweight and 
flexible energy storage devices with stable high performance. 
2. EXPERIMENTAL SECTION 
2.1. Preparation of CNF/GO and CNF/RGO Hybrid Films. In a 
typical procedure, 15 mg of CNFs (Pyrograf Products, Inc., USA) 
were dispersed into 1 wt % of sodium dodecyl sulfat (SDS) surfactant 
in 50 mL of distilled water. Simultaneously, the same amount of GO 
(see details in the Supporting Information) was also dispersed into 50 
mL of distilled water in the absence of SDS. These solutions were then 
separately ultrasonicated for 2 h to form stable dispersions. The 
homogeneous solutions of CNF and GO were then mixed and 
ultrasonicated for another 0.5 h, forming a black, homogeneous CNF/ 
GO solution. To make a uniform film, this homogeneous dispersion 
was filtered through porous mixed cellulose membranes (pore size: 
0.22 μm) with the aid of a vacuum. The resultant CNF/GO mat was 
then washed three times with 100 mL of distilled water to remove 
remaining surfactant. Subsequently, the dark CNF/GO mat was 
allowed to dry overnight in a vacuum chamber at 50 °C. The CNF/ 
GO mat was then dipped in acetone solution for 4 h to remove the 
mixed cellulose membrane, and a free-standing CNF/GO film was 
obtained after drying. We introduce the use of the reducing agent, 
sodium borohydride (NaBH4), in conducting the reduction process of 
GO. Typically, the as-prepared CNF/GO film was reduced by dipping 
it in an aqueous NaBH4 solution (150 mM) for 2 h. To remove excess 
NaBH4, the CNF/RGO film was washed with distilled water after 
reduction. 
2.2. Preparation of CNF/GO/PANI Hybrid Films. CNF/GO/ 
PANI hybrid films were produced by in situ polymerization of aniline 
(AN).39 As-prepared CNF/GO films (30 mg) were immersed in a 70 
mL aqueous solution containing aniline monomer and 1 M perchloric 
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Figure 2. A formation mechanism of the CNF/GO/PANI film. 
 
acid (HClO4) for 30 min, which would be helpful for the complete 
soakage of CNF/GO in HClO4. One milliliter of ethanol was added 
into the reaction in order to avoid the solution being frozen. And then, 
another 30 mL of precooled 1 M HClO4 solution containing 
ammonium persulfate (APS) was added to the aniline solution 
through a drop-by-drop method. The molar ratio of AN/APS was 3:1. 
The polymerization was carried out under nitrogen in an ice−water 
bath with a temperature of 0−5 °C. After polymerization for 7 h, the 
CNF/GO/PANI hybrid films were taken out and washed with 
deionized water. Finally, the CNF/GO/PANI hybrid films were dried 
under vacuum conditions at 40 °C overnight. A series of CNF/GO/ 
PANI films were prepared from solutions with different aniline 
concentrations (CAN) of 10, 20, 30, 40, and 50 mM. The as-prepared 
CNF/GO/PANI films were marked as CGP-1, CGP-2, CGP-3, CGP- 
4, and CGP-5, respectively. The same method was used to obtain the 
CNF/RGO/PANI films. For comparison, pristine GO/PANI and pure 
PANI were also prepared at 30 mM of aniline through the above- 
mentioned process. 
2.3. Characterization of As-Prepared Materials. The mor- 
phologies of the samples were analyzed by a field-emission scanning 
electron microscope (FE-SEM, JEOR JSM-6700F) and a transmission 
electron microscope (TEM; FEI Tecnai G2 20). Fourier transform 
infrared spectra (FTIR) of the products were recorded on a TENSOR 
27 FTIR spectrometer (Bruker) in the absorption mode with a 
resolution of 2 cm−1. The Raman measurements were carried out on a 
Renishaw Microscope System RM2000 with a 50 mW Ar+ laser at 
514.5 nm. X-ray photoelectron spectroscopy (XPS) measurements 
were made on a ESCALABMK spectrometer using electrostatic lens 
mode with a pass energy of 100 eV. Al Kα radiation was used as the 
excitation source. Surface characterization of the materials was taken 
with an automatic N2 adsorption instrument (Micromeritics ASAP 
2020 system). 
2.4. Preparation of Supercapacitors Electrode and Electro- 
chemical Performance Measurement. The electrochemical 
properties of the CNF/GO/PANI and GO/PANI hybrid films 
including cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS), and galvanostatic charge/discharge tests were 
measured with a two-electrode system in 1 M H2SO4 electrolyte at 
room temperature using a CHI660D electrochemical working station. 
Specifically, the two-electrode sandwich-type cells were prepared by 
laying two pieces of active material with one piece of polypropylene 
(PP) film separator and two pieces of stainless steel mesh without 
using conductive additives and binders. The potential range for CV 
 
 
tests was 0 to 0.8 V at a series of scan rates varying from 5 to 100 mV/ 
s. EIS was performed at open circuit potential in the frequency range 
from 104 to 0.1 Hz with the amplitude 5 mV. Galvanostatic charge/ 
discharge measurements were done from 0 to 0.8 V at different current 
densities. Cyclic stability was tested at a current density of 1 A/g using 
a Land battery workstation (CT2001A, jinnuo electronic Co., Ltd., 
Wuhan). 
 
3. RESULTS AND DISCUSSION 
As shown in Figure 1a and b, the as-prepared free-standing 
CNF/GO film is black and flexible. The surface morphology 
(Figure 1c) of the flexible CNF/GO film depicts a uniform mat 
with typical interaction of the CNFs and GO sheets. After the 
deposition of polyaniline (PANI), it shows a clear color change 
from black to dark purple (Figure 1d), which could be 
attributed to the modification of PANI as described in Figure 
1e. Further characterization via SEM images (Figure 1f−h) 
indicates that the as-prepared CNF/GO/PANI has a lamellar 
microstructure with the acanthine PANI nanowires uniformly 
deposited onto the CNF/GO template to form a 3D 
hierarchical architecture. The structure of CNF/GO/PANI is 
further confirmed by the TEM image (Figure S1), and the 
length of the PANI nanowires can reach 50 nm. Schematic 
preparation procedures of 3D CNF/GO/PANI architecture 
were illustrated in Figure 2. In the ultrasonication process, 1D 
CNFs were weaving in the layers of GO sheets with continuous 
and polydirectional combination. In general, GO sheets 
irreversibly aggregate and restack due to the strong π−π 
stacking and van der Waals force between the planar basal 
planes of GO sheets.40 While in the process of vacuum 
filtration, due to the interaction between CNFs and GO sheets, 
there exists a certain degree of inclination angle in the CNFs 
and GO sheets, which serves a mechanical supporting role to 
prevent the further accumulation of GO sheets. Finally, the 
reinforced concrete structure of CNF/GO can be formed, and 
the microstructure orientation of the free-standing CNF/GO 
film is consistent and uniform. Followed with chemical 
deposition of PANI, the unique 3D hierarchical architecture 
CNF/GO/PANI was obtained. 
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Figure 3. (a and b) Side-view SEM images of GO film and CNF/GO film, respectively. (c) Top-view SEM image of GO/PANI film. (d) Side-view 
SEM image of GO/PANI film. (e and f) Side-view SEM images of CNF/GO/PANI at low and high magnification. 
A series of SEM images was characterized to further 
understand the preparation process of 3D hierarchical 
architecture, as shown in Figure 3. Figure 3a shows a cross- 
section view of the pure GO film; the fracture edge of the film 
reveals well-compact layer-by-layer stacking throughout the 
entire cross-section. The stacking of laminated GO is inhibited 
by introducing 1D CNFs to form a CNF/GO hierarchical 
microstructure (Figure 3b), showing a clear stratification 
microstructure of CNF/GO. For the pure GO template, after 
the polymerization of PANI, the top surface of GO free-stand 
film (Figure 3c) was uniformly covered by a large quantity of 
small-compact PANI nanoparticles with a diameter of 30 nm. 
However, the cross-section SEM image (Figure 3d) of GO/ 
PANI shows that no PANIs were observed in the inner layers of 
GO sheets. This phenomenon clearly suggests that for the pure 
GO film, due to the stacked lamellar structure, the polymer- 
ization of PANI only happened on the surface of GO film. In 
order to overcome the restacking issue of GO sheets to 
generate a porous 3D microstructure for PANI deposition, 
CNFs were introduced into the GO template, and the 
reinforced concrete structure of CNF/GO was achieved. The 
hypothesis is verified by the cross-section views of the CNF/ 
GO/PANI (Figure 3e and f) showing an actual microstructure 
of the 3D hierarchical architecture completely in line with the 
model as described in Figure 2. The cross-section SEM images 
clearly demonstrate that the PANI has been successfully 
deposited onto a whole CNF/GO template from the top 
surface, down to the interior of the architecture, including the 
individual CNFs. 
The microstructures of deposited PANI hierarchical films 
were significantly influenced by the concentration of aniline 
monomer, which plays a key role during the polymerization of 
PANI, shown in Figure S2. At low concentration of aniline 
(CAN = 10 mM), few PANI nanowires were observed, while the 
ordered long and vertical PANI nanowires were achieved at a 
CAN of 30 mM. However, a further increase of CAN led to the 
polymerized PANI nanowires inclined to merge together. 
Different from its surface morphology, the cross-section of the 
hierarchical film (Figure 4) exhibits an interesting change 
related to the increase of CAN. From the side views of the CNF/ 
GO/PANI films (Figure 4a−h), which represent CGP-2, CGP- 
3, CGP-4, and CGP-5, respectively, they all display a clear 
stratification in the hierarchical films. It can be seen that the 
CNFs and GO layers are smooth and uncovered by PANI in 
the interior of the CGP-2 sample, which means the PANI just 
only exists on the surface of the film. The same experimental 
phenomena can be observed in CGP-1 as shown in Figure S3. 
As for the CGP-3, CGP-4, and CGP-5, we can clearly see the 
presence of PANI growth through the whole interior 
microstructure as shown in Figure 4d, f, and h. Besides, the 
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Figure 4. Side-view SEM images under different magnifications and different aniline concentrations of (a, b) 20 mM, (c, d) 30 mM, (e, f) 40 mM, (g, 
h) 50 mM. 
 
growth situation of the interior PANI is similar to the PANI on 
the surface. Apparently, the acanthine structure of PANI 
protrudes more with the increase of aniline concentration, 
whether on CNFs or GOs. 
The as-prepared composite architectures were further 
characterized by spectroscopy measurement. In the FTIR 
spectrum (Figure 5a) of CNF/GO, the peaks around 1730, 
1635, and 1401 are attributed to the C O in COOH, 
intercalated water, and C−H stretching, respectively.37,41 
Compared with CNF/GO, the spectrum of CGP-3 displays 
two new peaks at 1570 and 1485 cm−1, which could be ascribed 
to the C C stretching vibration of the quinoid ring and the 
benzene ring,42 indicating the presence of the oxidation state of 
PANI. The bands at 1308, 1242, 1120, and 800 cm−1 are 
corresponding  to  the  C−N  stretching  of  the  secondary 
aromatic amine, the C−N·+ stretching vibration in the polarized 
structure of PANI, and the aromatic C−H bending in the plane 
and out of the plane for the aromatic ring, respectively.43 
Raman spectroscopy provides a powerful tool to determine 
the microstructure of carbon-based materials and PANI 
polymer. Therefore, we performed Raman measurements on 
the CNF/GO, PANI, and CGP-3 samples to further confirm 
the structure of PANI in the CGP-3 film. As shown in Figure 
5b, the Raman spectrum of CNF/GO displays two prominent 
peaks at 1351 and 1580 cm−1, corresponding to the D-band 
(C−C, disordered graphite structure) and G-band (sp2- 
hybridized carbon), respectively.44 For pure PANI and CGP- 
3 samples, the bands at 1164, 1219, 1338, 1482, and 1590 cm−1 
are assigned to in-plane C−H bending of the quinoid ring, in- 
plane C−H bending of the benzenoid ring, the C−N·+ 
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Figure 5. FTIR (a) and Raman (b) spectra of CNF/GO film, CNF/GO/PANI film, and PANI powder sample. C 1s (c) and N 1s (d) XP spectra for 
CNF/GO/PANI. 
stretching vibration, C C stretching of the quinoid ring, and 
C C stretching of the benzenoid ring, respectively,45,46 
indicating the presence of a doped PANI structure. 
XPS is used to investigate the different electronic structures 
of CNF/GO/PANI. The C 1s and the deconvolution of the N 
1s core-level spectra of CNF/GO/PANI are presented in 
Figure  5c  and  d,  respectively.  The  C  1s  XPS  spectrum is 
deconvoluted into five subpeaks, which are related to aromatic 
C−H  (284.61  eV),  C−C/C−N/C N/C N+  (285.85 eV), 
C−O (hydroxyl and epoxy, 286.45 eV), O−C−O (289.01 eV), 
and O−C O (290.02 eV).25,47,48 The presence of GO and  
PANI is confirmed by the O−C O  and  C N/C N+/C− 
N+, respectively. Moreover, the quinoid imine with Binding 
Energy (BE) at 399.33 eV, the benzenoid amine with BE 
centered at 400.73 eV, and the nitrogen cationic radical (N+) 
with BE at 402.51 eV,25,48 which are shown in the 
deconvolution of the N 1s core-level spectrum (Figure 5d), 
further suggest the presence of PANI. 
To investigate the electrochemical performances of CNF/ 
GO/PANI in a real device, a symmetric supercapacitor device 
was constructed using CNF/GO/PANI as both an anode and a 
cathode. The cyclic voltammogram (CV; Figure 6a) of different 
CNF/GO/PANI samples were performed at a scan rate of 10 
mV s−1 and exhibit a typical redox behavior of PANI. Among all 
CNF/GO/PANI electrodes, the CGP-3 shows the highest 
specific capacitance of 450.2 F/g (Table S1) according to the 
following equation. 
 
  ∫ I dV  
Cs = 2 
m × ΔV × S 
where Cs is the specific capacitance, ∫ I dV is the integrated area 
of the CV curve, m is the mass of the active materials of one 
electrode, ΔV is the voltage window, and S is the scan rate.49 
This phenomenon that the specific capacitance of CGP-3 is 
higher than the separate materials reported by Xu et al.50 could 
be possibly attributed to the internal microstructure of 
deposited PANI. It can be reflected from Figure S4, which is 
a relationship of Cs and PANI wt % toward CAN, that PANI wt 
% increases with an increase of CAN at CAN ranges from 10−50 
mM, while the Cs of CNF/GO/PANI increases with an 
increase of CAN at low CAN but decreases when the CAN is 
higher than 30 mM. For the electrodes prepared from lower 
aniline concentration, such as CGP-1 and CGP-2, the PANI 
just exists on the surface of the film and cannot enter the inside 
of the hybrid film, so a less specific capacitance is inevitable. As 
for the CGP-4 and CGP-5, a large number of dissociated PANI 
nanowires covered the electrode, which can hinder the mass 
transfer and result in lower specific capacitance. The influence 
of aniline concentration on the capacitance property was 
further investigated by galvanostatic charge/discharge (1 A/g). 
As shown in Figure 6b, the CGP-3 has the longest discharge 
time, which means the largest specific capacitance. This is 
consistent with the result of computing with CV. 
To further investigate the advantages of hierarchical CNF/ 
GO/PANI as supercapacitor electrodes, the rate-dependent 
cyclic voltammograms of the CGP-3 electrode over a wide 
range of scan rates is shown in Figure 6c. It can be seen that the 
shape of CV was maintained even up to the high scan rate of 
100 mV s−1, which indicates that the CGP-3 hybrid film has a 
rapid charge−discharge response within the potential window 
of 0.8 V in the device. In addition, Figure 6d shows the 
comparison of electrochemical performance among GO, CNF/ 
GO, GO/PANI, and CNF/GO/PANI films under identical 
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Figure 6. (a) CV curves of supercapacitors based on a CNF/GO/PANI hybrid film under different aniline concentrations, scan rate: 10 mV/s. (b) 
Charge−discharge curves of CNF/GO/PANI hybrid film supercapacitors at different aniline concentrations, current density: 1 A/g. (c) CV curves of 
CNF/GO/PANI free-standing film supercapacitors at different scan rates. (d) CV of different film electrodes at 10 mV/s. The inset depicts the 
enlarged view of the indicted square region. (e) Charge−discharge curves of different film electrodes at 1 A/g. The inset depicts the enlarged view of 
the indicted square region. (f) Relational graph of specific capacitance (Cs) to different films. The schematics representation of the microstructures of 
different films. (g) Nyquist impedance plots of the CNF/GO/PANI hybrid film supercapacitors with frequency ranging from 10 kHz to 0.1 Hz. (h) 
Plot of cycle life test of CGP-3 at a current density of 1 A/g. 
conditions. The largest current and capacitance was obtained 
from CNF/GO/PANI. It is notable that the CNF/GO exhibits 
no redox peak, although the presence of oxygen in GO should 
provide redox peaks due to the transition of the quinine/ 
hydroquionone form.37 Therefore, in order to understand the 
EDLC behavior or pseudocapacitive behavior of CNF/GO, a 
Bode plot has been provided in Figure S5, from which we can 
see that the phase angle of CNF/GO shows an obvious 
characteristic of a pseudocapacitor, which is between 0° (the 
standard value of pure resistance) and 90° (the standard value 
of physical capacitor). However, the pseudocapacitive behavior 
of CNF/GO is insufficient as compared with the CNF/GO/ 
PANI, and the outstanding performance of the latter can be 
attributed to two key reasons. First, the 3D acanthine PANI 
nanowire structure of CGP-3 provides numerous channels and 
shortens the diffusion lengths, which could benefit the ions’ 
diffusion from solution to each PANI nanowire and ensures 
high utilization of the active material. Second, the tortuous 
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Figure 7. (a) CV curves of supercapacitors based on different hybrid film electrodes at 10 mV/s. (b) Charge−discharge curves of different film 
electrodes at 2 A/g. (c) Nyquist impedance plots of different film supercapacitors with frequency ranging from 10 kHz to 0.1 Hz. (d) CV curves of 
supercapacitors based on CNF/RGO/PANI hybrid film under different aniline concentrations, scan rate: 10 mV/s. 
 
CNF functions as a conductive nanospacer not only reducing 
the aggregation of GO, which means a larger specific surface 
area for ions diffusion. The specific surface area of CNF/GO 
was calculated on the basis of the Brunauer−Emmett−Teller 
(BET) theory is 26.1 m2/g, which is higher than the pure CNF 
film (11.4 m2/g).38 Given that the specific surface area of GO 
film is very low, similar to the value of the chemically converted 
graphene film that has been reported by Shi et al.,32 the 
introduction of the CNF dramatically increases the utilization 
of GO. Thus, the unique 3D hierarchical layered architecture 
plays a critical role in achieving high-level electrochemical 
performance in supercapacitor device. The same results can be 
analyzed with the charge/discharge performance, as shown in 
Figure 6e. 
From the analyzing of Figure 6d and e, a relational graph of 
specific capacitance (calculated from the above equation) vs 
different electrode materials is shown in Figure 6f. It can be 
concluded that the specific capacitances in the resulting 
supercapacitors using hierarchical CNF/GO/PANI as electro- 
des are 44 times that of GO film, 28 times that of bare CNF/ 
GO film, and 3 times that of the GO/PANI film, showing a 
significant improvement. On the other hand, as a plot of the 
imaginary component of the impedance against the real 
component, the EIS Nyquist plot demonstrates the frequency 
response of the electrode/electrolyte system. From the Nyquist 
plot shown in Figure 6g, it can be seen that at high frequencies 
the CGP-3 electrode displays the smallest semicircle, which is 
related to the lowest charge transfer resistance, and a transition 
to linearity at low frequency which exhibits an ideal capacitive 
behavior.40 Series internal resistance estimated from the 
intercept of the CGP-3 curve on the x axis is about 1.7 Ω, 
which is lower than the similar system reported by Zhong et 
al.,48 and according to the equivalent circuit, the charge transfer 
resistance was calculated to be 2.1 Ω, much less than the 
PANI/GECF-3 reported by He et al.38 and the GO-PANI 
reported by Yan et al.37 Furthermore, from the magnified data 
in Figure S6a, a transition between the resistance capacitance 
semicircle and the migration of the electrolyte is observed at a 
frequency of about 26 HZ; the diffusion of electrolyte ions 
stopped at about 1 HZ, and thereafter the whole capacitance is 
reached.17 Figure S6b shows the dependence of phase angle on 
the frequency, which suggests the phase angle reaches −45° at a 
frequency of 0.3 Hz (f 0), giving a corresponding time constant 
(τ0) of 3.33 s for the device.1,50 
Cycle life tests of CGP-3 are conducted at a current density 
of 1 A/g. As shown in Figure 6h, the capacitance retention of 
the electrode still keeps 90.2% of its original value after 1000 
cycle tests. Usually, the degradation in capacitance is ascribed to 
swelling and shrinkage, which induced gradually deterioration 
of the conductivity and volumetric changes.53 While in our 
system, the hierarchical 3D structure of CNF/GO/PANI films 
with the high surface area holds enough void space to 
accommodate the volumetric change; therefore, the hybrid 
films exhibit a good stability and comparatively long lifetime as 
the supercapacitor. 
As the electrical performance of GO can be improved 
through a reduction process, we further optimize the hybrid 
film by a reduction of GO using sodium borohydride 
(NaBH4);47 after the deposition of PANI, the resulting 
hierarchical PANI/CNF/RGO film shows better electro- 
chemical performance. The loss of oxygen-containing groups 
after reduction was confirmed by FTIR spectrum. As shown in 
Figure S7a, the intensities of peaks are smoother than CNF/ 
GO, and the new peaks arising from PANI at 1230, 1340, 1531 
cm−1 indicate the generation of a PANI/CNF/RGO 
composite.42,43 In combination with FTIR spectroscopy, 
Research Article 
208 
 
 
■ 
■ 
■ 
 
Raman scattering was measured to provide more information 
about the microstructure of PANI/CNF/RGO. From Figure 
S7b, it is clearly observed that significant structural changes 
occur during the reduction processing from CNF/GO to CNF/ 
RGO, and this observation is consistent with the general belief 
that defects decrease during the reduction process by the 
removal of oxygen atoms followed by the formation of double 
bonds, which means a higher graphitization degree of CNF/ 
RGO. Similar to the PANI/CNF/GO, for the Raman spectrum 
of the PANI/CNF/RGO sample, the new peaks arise from 
PANI at 1162, 1218, and 1488 cm−1,45,46 apart from the D and 
G bands of the CNF/RGO sample. Compared to PANI/CNF/ 
GO, the decrease of the heterocarbon component in the C 1s 
peak, such as that arising from hydroxyl (C−O) and epoxy (C− 
O−C) groups47 (Figure S7c), is consistent with the increased 
ratio of the C to O molecule from 1.5 to 1.9 in the PANI/ 
CNF/RGO film. In addition, the similar deconvolution of the 
N 1s core-level spectrum (Figure S7d) indictes the presence of 
PANI molecular chains.48 
The contrast figures of electrical properties of PANI/CNF/ 
GO and PANI/CNF/RGO samples (the CAN of them are 20 
mM) were shown in Figure 7a−c. The CV curves (Figure 7a) of 
the two samples were performed at a scan rate of 10 mV s−1; it 
is obvious that the current density response of PANI/CNF/ 
RGO is much larger than that of the PANI/CNF/GO film, 
indicating that the specific capacitance of the former is 
apparently larger than that of the latter. A consistent result can 
also be obtained from the curves of galvanostatic charge/ 
discharge, as shown in Figure 7b. It is notable that the IR drop 
of the PANI/CNF/RGO electrode is much lower than that of 
PANI/CNF/GO (Figure 6e), even if the former is under a 
higher current density, which shows that the materials can be 
optimized to decrease their internal resistances by the reduction 
of graphene oxide. From the Nyquist plot shown in Figure 7c, 
the Warbug-type line is illustrated (the slope of the 45° portion 
of the Nyquist lots), the length of which can be used to 
characterize the ion diffusion process. So for the PANI/CNF/ 
RGO electrode, it is is much shorter than that of PANI/CNF/ 
GO. This demonstrates the fast ion transfer in the optimized 
electrode material.12,25 Further, the optimal CAN for the PANI/ 
CNF/RGO electrode is also 30 mM, which can be observed 
from Figure 7d, the specific capacitance of the different PANI/ 
CNF/RGO electrodes are 436, 479, and 430 F g−1, 
corresponding to CAN’s of 20, 30, and 40 mM, respectively. 
4. CONCLUSIONS 
In summary, we have demonstrated that the free-standing 
hierarchical CNF/GO/PANI films can be delicately synthe- 
sized by in situ polymerization of aniline on the peculiar 
substrate, the reinforced concrete structure of CNF/GO film. 
The experimental result is a proof of concept that the ideal 
electrode templates for supporting high-performance active 
materials are decisive for excellent electrochemical properties. 
The calculated specific capacitances in the resulting super-  
capacitors using the peculiar hierarchical CNF/GO/PANI as 
electrodes are 44 times that of pure GO film, 28 times that of 
bare CNF/GO film, and 3 times that of the GO/PANI film, 
showing a significant improvement of the specific capacitance. 
Furthermore, the electrochemical properties of the hierarchical 
film can be further improved by a reduction procedure of GO. 
So this study supplies a promising and efficient way to obtain 
ideal electrode materials for lightweight and flexible energy 
storage devices with high performance. 
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